ABSTRACT Host and reovirus mRNAs compete with one another for translation in infected cells. Kinetic analysis has suggested that the site of competition is a message discriminatory initiation factor which must bind to the mRNA before it can interact with the 40S ribosomal subunit. The present communication describes an in vitro assay which can detect message discriminatory activities. A competitive situation is established by using reovirus and globin mRNAs, and then the specificity with which this competition is relieved by added components is measured. Among the various initiation factors surveyed with this assay, two have the properties expected ofthe mRNA discriminatory factor. These are eukaryotic initiation factor 4A and a "cap binding protein" complex. Inasmuch as the cap binding protein complex contains a subunit similar or identical to the initiation factor eIF-4A, it seems likely that only one form of the latter factor may be active in vivo. In vitro, both factors relieve competition among both capped and uncapped reovirus mRNAs according to similar hierarchies. These results suggest that some feature other than the m7G cap, such as nucleotide sequence or secondary structure, is recognized by the discriminatory factor.
The fact that different mRNAs may be translated at different rates in eukaryotic cells has been firmly established (1) (2) (3) . However, the molecular mechanisms that determine translation rates ofindividual mRNAs are not well understood. To account for mRNA specificity in the initiation step, it has been proposed that mRNAs must compete for a limiting message-discriminatory initiation factor in order to be translated and that competitive inhibition of translation of one mRNA by other mRNAs may be an important factor in regulating their initiation rates (4, 5) . It is now clear that mRNA competition plays a central role in the replication of a number of animal viruses, notably encephalomyocarditis virus, vesicular stomatitis virus, and reovirus (4) (5) (6) (7) (8) (9) (10) (11) (12) . This concept has been applied to uninfected cells as well (13) (14) (15) (16) .
The precise identification of the message discriminatory factor has remained elusive. Early work using partially purified initiation factor preparations, called IF-M3 and IF-M4, suggested that both were involved in specific mRNA recognition (5, 13) . A subsequent change in nomenclature equated IF-M3 with eukaryotic initiation factor 4B (eIF-4B), a Mr 80,000 polypeptide, and IF-M4 with eIF-4A, a Mr 46,000 polypeptide. However, recent studies (ref. 17 ; unpublished data) showed that IF-M3 contains at least two active components, eIF4B and one of the "cap binding proteins" [CBP 11 (18) ]. Thus, it was not clear which of these was responsible for the discriminatory activity originally obtained with the IF-M3 preparation.
In the present communication we describe experiments designed to answer this question. Highly purified initiation factors (>70% pure) were prepared from mouse Krebs ascites tumors, HeLa cells, or rabbit reticulocytes. They were tested for the ability to relieve competition between reovirus mRNAs and globin mRNA in vitro according to the specific patterns previously described (19, 20) . Our results show that both eIF-4A and CBP II relieve competition specifically and so are candidates for the message discriminatory factor.
MATERIALS AND METHODS Translation Initiation Factors. Various eukaryotic initiation
factors used in the present study have been purified according to published procedures (21-24)-eIF-2, eIF-3, eIF-4A, eIF-4B, and CBP II from rabbit reticulocyte lysate and eIF-2, eIF-3, and eIF-4B from mouse Krebs II ascites and HeLa cell lysates. To assess purity, factors were analyzed by polyacrylamide gel electrophoresis (25) and visualized by the silver stain technique (26) .
In Vitro Translation System. Preparation ofthe fractionated in vitro protein-synthesizing system from Krebs ascites cells and all mRNAs has been described (19) . The only modification that has been introduced is supplementation with pure factors and reduction in the amount of ribosomal salt wash (RSW) in some of the experiments. Instead of using 20-40 ,g of RSW per 25- ,ul assay we used only 10-15 ,g, and the system was saturated (where indicated) with known purified initiation factors. Details of such supplementation are described in Results. Ionic conditions were 100 mM potassium chloride and 3 mM magnesium acetate. The protein products synthesized during 2-hr incubations at 30°C were analyzed by polyacrylamide gel electrophoresis and autoradiography as described (19 zation with Protosol, and liquid scintillation counting (19) . Specificity of Discriminatory Factor in Competition Relief Experiments as Predicted from Kinetic Theory. The expected effect of adding discriminatory factor to a competitively inhibited system can be calculated from previous data and theory. This can be done either by assuming values for all constants involved (16) or by replotting actual experimental data (20) so as to mimic a competition reliefsituation. The latter has been done for figure 6C of ref. 20 , describing an experiment in which globin mRNA was added in varying amounts to inhibit competitively the translation ofcapped reovirus mRNA. In this case we assumed that the reduction in translation rate of the reovirus mRNAs was due solely to the sequestration of some of the discriminatory factor by globin mRNA.
If now we consider reversing this process by removing some ofthe globin mRNA from a competitively inhibited system, the effect will be the same as adding extra discriminatory factor to it. The amount of extra factor made available by reducing the globin mRNA level can be calculated by using equation 23 of ref. 16 , which implies the following relationships (terms are defined below or in the Abbreviations footnote):
Q'i'Q'i = Mti)/M*(i) [1] (i) = m*(i) + mi [2] 10 10 10 [5] The following quantities are already known: the exact concentrations of each reovirus mRNA, mU); the sum of these concentrations, X, lmI, exactly half-saturates the endogenous discriminatory factor present, ft; the dissociation constants for complexes of reovirus mRNAs with discriminatory factor K(i); figure 6C ofref. 20 and m(') is known.
These values can now be used in Eq. 2 to calculate m(i). This in turn can be used in Eq. 5 to calculate f. This can be done for every value of added globin mRNA. The data can now be used to calculate the amount of factor available for translation ofreovirus mRNAs as the concentration of competing globin mRNA is reduced. This amount of factor is the sum of f plus Xi~2m*(i). In order to mimic an experiment in which known amounts of pure factors are added to a competitively inhibited system containing an unknown amount of endogenous discriminatory factor, we have set the value of f plus 7,igoim*(i) at zero for the highest amount of globin mRNA used (2.0 pmol). Thus normalized, this term can now represent exogenous factor added to the system to relieve competition. As globin mRNA is decreased and competition is relieved, the value of this term increases, and it reaches 0.29 pmol in the absence ofglobin mRNA. Hypothetical competition relief assay: the predicted effect on reovirus mRNA translation of addition of excess mRNA discriminatory initiation factor to a competitively inhibited system. A Schreier-Staehelin-type protein synthesis reaction containing a saturating level of globin mRNA (2.0 pmol) and a half-saturating level of reovirus mRNA (0.16 pmol) was analyzed in terms of a previously developed kinetic theory (see Materials and Methods). The "relative translation rate" of each reovirus mRNA is defined as the ratio of its translation rates (i.e., the rates of synthesis of its encoded polypeptide) in the presence and absence of additional pure discriminatory factor. This ratio is plotted for each reovirus polypeptide (or mixture of unresolved polypeptides) as a function of added discriminatory factor. The amount of each mRNA present (in pmol), the amount of methionine incorporated into corresponding polypeptides in the absence of additional discriminatory factor (in pmol), and the symbol used for each reoviral polypeptide (or mixture of polypeptides) are: A1 plus A2 rates oftranslation ofreovirus mRNAs were also normalized by dividing by the rate at maximal competitive inhibition (obtained with 2.0 pmol ofglobin mRNA). This ratio has been termed the "relative translation rate" and is plotted on the ordinate of Fig.  1 . It is evident that the relative translation rates ofsome mRNAs are influenced much more strongly than those of others by added discriminatory factor, and this differential effect reflects the mRNA specificity of the factor.
This formulation does not presuppose the physical location ofthe discriminatory factor: equations identical in form to those shown above can be derived from equation 22 of ref. 16 , in which the discriminatory site of competition is presumed to be R*. Thus, if the site of competition in our system were in fact R*, then the addition of factors that increase its concentration should produce results identical to those in Fig. 1 .
RESULTS
Analysis of CBP II, eIF-4A, and eIF-4B by NaDodSO4/polyacrylamide gel electrophoresis is shown in Fig. 2 (16) . However, their true specificity is most likely to be manifested in a competitive situation: thus, when several mRNAs are in molar excess relative to a factor and must compete with one another for binding to it, the addition of more factor will relieve competition. The translation of each of the various competing mRNAs will be stimulated by added factor according to a hierarchy that is specific for that factor. Such a hierarchy has been carefully studied for the reovirus mRNAs when in competition against globin mRNA (19, 20) . This system ideally lends itself to the design of a "competition relief assay" for detecting discriminatory factors. Thus, in the case in which large concentrations ofreovirus and globin mRNAs are competing for a limiting amount of a discriminatory factor, the effects of adding factor to the system can be calculated precisely (see Materials and Methods).
A typical example ofsuch a calculation is shown in Fig. 1 . The salient feature of this figure is that translation of some mRNAs is stimulated much more than that of others by added discriminatory factor. This reflects their different affinities for the factor. Only the addition of the discriminatory factor for which competition occurs will have this particular effect. Factors that nonspecifically increase the rate of any (limiting) steps that follow the competition step (such as the junction of60S ribosomes) will not have a differential effect. Rather, they will increase the translational rate ofeach mRNA by the same increment; hence, plotting such data as in Fig. 1 would result in a set ofcongruent curves (not shown). By contrast, factors that act nonspecifically prior to the competition step may produce a number ofdifferent effects, but these will not be similar to the result shown in Fig.  1 . Thus, the competition reliefassay should respond in a unique way to the addition of the discriminatory factor for which competition occurs, and therefore can be used to identify it. Considerable variation in the assay conditions can be tolerated without jeopardizing its validity. For example, the relative concentrations of reovirus and globin mRNA may be varied, and the latter even may be eliminated, provided that the total mRNA concentration saturates the endogenous discriminatory factor. This follows from the analysis ofin vitro reaction kinetics in ref. 16 .
In the present investigation we used the competition relief assay to detect discriminatory activity in various initiation factors. Typical results obtained from such experiments are shown in Fig. 3 . The effects of eIF4B, eIF-3, and eIF-2 were similar: translation rates ofall reovirus mRNAs were stimulated equally, and their dose-response curves were virtually congruent. This indicates that none ofthese factors acts in a discriminatory fashion, at least under the conditions used here. The maximal stimulation obtained by the addition of excess eIF-2 or eIF4B was less than 2-fold. This probably indicates that neither factor is severely limiting for translation, even in the presence of satu-0 0) ' Fig. 1 (Fig. 1 ) strongly suggests that one, or both, of these factors is the discriminatory entity previously defined (5, 12, 13, 16, 19, 20 In order to study whether the effect of eIF-4A and CBP II depends on the cap structure of the mRNAs, we also used uncapped reovirus mRNA in the competition relief assay. In this Initiation factor added, units   FIG. 4 . Effect of eIF-4A (A) and CBP II (B) on the relative translation rates of uncapped reovirus mRNAs. A saturating amount of uncapped single-stranded reovirus mRNA (0.4 pmol) was translated in the absence and in the presence of increasing amounts of the initiation factors. Protein products were measured and relative translation rates were calculated, as described in Fig. 3 . Relative translation rates are indicated by the same symbols as in Fig. 1 . Radioactivity incorporated in the absence of added factors was approximately 1/3 the levels indicated in Fig. 1 . Saturating amounts of unfractionated single-stranded reovirus mRNA and globin mRNA were translated alone (0.4 pmol) or in equimolar mixtures (0.4 pmol of each). Various rabbit initiation factors were added to the translation systems and the synthesized proteins were measured. Percentage inhibition of translation due to competing mRNA was equal to 1.00 minus the ratio of the amount of a given protein synthesized under competitive conditions (when both types of mRNAswere present) to that synthesized inthe absence of competition (when the mRNAs were used alone in the translation system) times 100. In the absence of additional pure factors or reovirus mRNA, 0.14 pmol of methionine was incorporated with 0.4 pmol of globin mRNA. Relative translation rates were influenced by added factors as shown in Fig. 3 .
case, globin mRNA was omitted. Thus, competition occurs only among the uncapped reovirus mRNA species. Stimulatory activity of eIF-4A (Fig. 4A ) was comparable to that obtained with capped reovirus mRNAs. The effect ofCBP II (Fig. 4B ) also was similar to the pattern obtained with capped mRNAs (the slight differences seen among the a polypeptides are probably due to experimental error). This result suggests that cap recognition is not necessary for the relief of competition among mRNAs. It was desirable to obtain confirmation of these results and conclusions by using different techniques. In particular, it was important to show that the method chosen to plot the data in Figs. 1, 3 , and 4 did not bias the result. For this reason we investigated the inhibitory effect of reovirus mRNA on globin synthesis, and the relief of this inhibition by added factors. Under the conditions used here, globin mRNA is a relatively poor initiator (19, 20) . When equimolar, saturating amounts of globin and reovirus mRNAs were translated simultaneously, globin synthesis was reduced by 73% (Table 1) by the presence of reovirus mRNA. In contrast, synthesis of reovirus proteins was less affected by the presence ofglobin mRNA (o3 synthesis was reduced by approximately 39% and Au synthesis, by approximately 28%). That this mutual competitive inhibition can be relieved by added CBP II or eIF-4A, but not by eIF-2 or eIF-4B, also is evident in Table 1 . Thus, these results confirm the conclusions drawn from Figs. 1, 3, and 4 .
In other experiments (data not shown) it has been determined that the differential effect of CBP II is not due to a RNase contaminant because none could be detected. (16, 19) . DISCUSSION The results described above indicate that both eIF-4A and CBP II relieve-mRNA competition in a message-specific manner. The specificity for mRNAs exercised by both factors is identical to that previously documented in reovirus translational systems both in vivo and in vitro (12, 16, 19, 20) . These results strongly suggest that both eIF-4A and CBP II are candidates for the discriminatory factor previously defined (5, 13, 16 
